Truffl es are edible ectomycorrhizal fungi belonging to the genus Tuber P. Micheli ex F. H. Wigg. and living in symbiosis with different host trees. More than 100 Tuber species exist in the world but only a few, such as T. magnatum Picco, T. melanosporum Vittad., and T. aestivum Vittad., have interesting organoleptic qualities. The fi rst two species have a natural distribution restricted to limited European countries, but T. aestivum has a natural distribution across Europe. Previous studies utilizing random-amplifi ed polymorphic DNA (RAPD) or intersimple sequence repeat (ISSR) markers and sequencing of a few genes suggested the existence of genetic diversity between T. aestivum populations ( Gandeboeuf et al., 1997 ; Mello et al., 2002 ; Weden et al., 2004 ) . However, the absence of codominant molecular markers, such as microsatellites or simple sequence repeats (SSRs), precluded the investigation of T. aestivum population genetics.
Recently, next-generation sequencing techniques have provided new prospects to develop microsatellite markers in nonmodel species, quickly and for relatively low costs ( Abdelkrim et al., 2009 ; Csencsics et al., 2010 ; Perry and Rowe, 2011 ) . Direct shotgun pyrosequencing (DSP) has been successfully used for the identifi cation of microsatellites in animals or plants but, to our knowledge, this approach has never been used for ectomycorrhizal fungi. Recently the sequencing of the black truffl e genome revealed a substantial richness in repeated sequences such as microsatellites ( Murat et al., 2011 ) . This result suggested that a DSP approach could be used for identifying microsatellites in Tuber species. The aim of our study was therefore to use DSP to identify, for the fi rst time, polymorphic microsatellites in the economically important truffl e T. aestivum.
METHODS AND RESULTS
Total genomic DNA was isolated from an ascocarp of T. aestivum harvested in Haute-Saône (France) (MD4) (Appendix 1, group A). DNA was extracted from frozen tissues with a cetyltrimethylammonium bromide (CTAB) protocol available at the MYCORWEB website (http://mycor.nancy.inra.fr/). A total of 150 μ g of genomic DNA was sent to Genoscope (Evry, France). Direct shotgun sequencing occurred in a 1/2 plate optimized run of 454 GS-FLX Titanium and produced 534 620 reads. The fasta and quality fi les generated were trimmed using the program "TrimSeq.pl" to trim raw sequencing reads at both ends based on moving averages of quality scores (phred = 20) and to remove reads smaller than 300 bp. After trimming and editing, 411 374 reads corresponding to 195 Mbp were retained for microsatellite identifi cation. MISA (http://pgrc. ipk-gatersleben.de/misa/download/misa.pl) was used to identify di-, tri-, tetra-, penta-, and hexanucleotide simple sequence repeat markers. Using this software, a total of 7784 perfect microsatellites were identifi ed (2519 di-, 3568 tri-, 1248 tetra-, 324 penta-, and 125 hexanucleotide repeat motifs). Using the MISA output fi les, only microsatellites beginning between 100 and 300 bp from the 5 ′ ends of the reads were selected. After this step, 181 microsatellites with more than 10 repeats were obtained. WebSat ( Martins et al., 2009 ) • Premise of the study: Tuber aestivum , the most common truffl e in Europe, plays an important role in the commercial truffl e market. For the fi rst time, microsatellite primers were developed to investigate polymorphism within this species. • Methods and Results: Using direct shotgun pyrosequencing, 15 polymorphic microsatellites were identifi ed out of the 7784 perfect microsatellites present in the 534 620 reads obtained. Tested on 75 samples, these microsatellites were highly polymorphic. The number of alleles varied from four to 15, and the expected heterozygosity ranged from 0.266 to 0.620. A multilocus analysis allowed the identifi cation of 63 genotypes over the 75 samples analyzed. • Conclusions: Direct shotgun pyrosequencing is a fast and relatively low-cost technique allowing identifi cation of microsatellites in nonmodel species. The microsatellites developed in this study will be useful in population genetic studies to infer the evolutionary history of this species.
( Rozen and Skaletsky, 2000 ) were respectively used to check repeats and to design primers for 40 microsatellites randomly selected among the 181 microsatellites previously obtained. The PCR feasibility was checked using OligoAnalyzer 3.1 (http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/ Default.aspx). Primers were tested in silico using AmplifX software (http:// crn2m.univ-mrs.fr/pub/amplifx-dist).
To evaluate the microsatellite primers in a PCR reaction, two T. aestivum ascocarps were used. DNA was extracted with a DNeasy Plant Mini Kit (QIA-GEN, Hilden, Germany) according to the manufacturer's instructions. All PCR amplifi cations were performed using 30 ng of template DNA in a fi nal volume of 20 μ L containing 10 × PCR buffer (Invitrogen, Carlsbad, California, USA ), 1 U of Taq DNA polymerase (Invitrogen), 0.125 mM each of dNTPs, 0.5 μ M each of forward and reverse primers, and sterile water to adjust to the fi nal volume. PCRs were conducted in a Mastercycler Gradient S PCR system (Eppendorf, Hamburg, Germany) after an initial denaturation of 3 min at 94 ° C, 30 cycles at 94 ° C for 25 s, 58 ° C for 25 s, and 72 ° C for 40 s, followed by 72 ° C for 15 min. PCR products were checked on a 1.5% agarose gel. According to Paolocci et al. (2006) , the gleba of Tuber ascocarps is mainly composed of haploid maternal tissue and the DNA extracted from ascocarps therefore corresponds to a haploid tissue. For this reason, only the microsatellites producing a single band signal were selected for future investigations. Twenty-fi ve primer pairs (62.5%) resulted in good amplifi cation (i.e., one band for both ascocarps).
To identify polymorphic microsatellites, the 25 retained primer pairs were tested with 14 T. aestivum samples from different European countries (Appendix 1, group B). Genomic DNA from the 14 ascocarps was isolated from 20 mg of dried gleba as described above. PCR conditions were the same as those described above. PCR products were separated on a 4% agarose gel. Fifteen out of the 25 microsatellites (60%) showed size polymorphisms on 4% agarose gel. To assess more precisely the level of polymorphism, 15 microsatellites were used to perform a genotyping analysis using 5 ′ end-labeled primers (FAM or VIC) ( Table 1 ) . Seventy-fi ve samples from seven European populations (Appendix 1, group C) were chosen to perform preliminary genotyping. PCR products were assayed, using 500 LIZ as a size standard, on an ABI 3730XL sequencer (Applied Biosystems, Foster City, California, USA) at the "Plateforme de Génotypage GENTYANE" (Clermont-Ferrand, France). All amplifi cations were carried out individually. Allele sizes were analyzed with GeneMapper (Applied Biosystems). Expected heterozygosity ( H e ) was calculated using Gen-AlEx ( Peakall and Smouse, 2006 ) ( Table 2 ) . As expected, due to the haploid nature of the ascocarp ( Paolocci et al., 2006 ) , each locus gave only one peak for all 75 samples. The number of different alleles per locus ranged from four to 15, and H e ranged from 0.266 to 0.620. Finally, 63 different multilocus genotypes were obtained from the 75 T. aestivum isolates.
CONCLUSIONS
A DSP approach on a single T. aestivum ascocarp allowed for the identifi cation of 7784 perfect microsatellites for 195 Mbp (nearly 40 microsatellites per Mbp). To our knowledge, our study is the fi rst report of DSP to identify nuclear polymorphic microsatellite markers in an ectomycorrhizal fungal species. Indeed, until now, the DSP approach has only been performed on organisms belonging to the Animalia and Plantae kingdoms. This method is very quick and relatively inexpensive compared to the enriched library methods commonly used to develop polymorphic microsatellites. Indeed, with only 1/2 plate of a pyrosequencing run, we were able to identify several thousand microsatellites. DSP is therefore a useful approach to characterize polymorphic markers for nonmodel species. The markers developed in this study will enable future population genetic studies for this truffl e species. Moreover, from a commercial point of view, population genetic studies could be useful to label some remarkable ecotypes showing particular alleles. Indeed, because the price of this truffl e continues to increase and varies depending on geographical origin, a certifi cate of "true geographical origin" could be used to avoid fraud in the commercial truffl e market. 
